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Sensitivity analysis of the dynamic response of an electronic fuel injector regarding fuel properties and operating conditions
numerous researchers to improve their performance. A lot of work has been undertaken in the 20 nozzle area, such as the nozzle structure types [1] [2] [3] , the hole numbers and arrangements [4] [5] [6] [7] 21 and the internal cavitation [8] [9] [10] [11] of orifices. They have been thoroughly studied because they 22 have a direct effect on the fuel injection and atomisation. The spray characteristics [12] [13] [14] , the 23 penetration [15] [16] [17] and the lift-off length [18, 19] have also been investigated by experiment 24 or simulation in many studies. With the continual focus on the emissions of diesel engines, the 25 use of different alternative fuels has come into the sight of researchers [20] . The differences in 26 fuels lie in their properties [21] , such as the density, viscosity and bulk modulus. Fuel properties 27 significantly affect the spray characteristics of a fuel injector, as were studied by Dernotte et 28 al. [22] and Payri et al. [23] . In addition, fuel properties change in vast ranges of different 29 pressures and temperatures, as were revealed by Salvador et al. [24] and Desantes et al. [25] . 30 The multi-injection performance of a solenoid injector was evaluated by Salvador et al. [26] 31 by using a standard diesel fuel and a biodiesel fuel. The biodiesel fuel was identified as have a 32 larger valve opening delay and valve opening time due to it have a larger viscosity. This implies 33 that the fuel properties may have an effect on the dynamic response of a fuel injector. However, 34
to date, only a few studies have found considered the effects of fuel properties on the dynamic 35 response of electronic fuel injectors. Han et al. [27] experimentally investigated the injection 36 process of three fatty acid esters on an HPCR system. He pointed out that fatty acid esters have 37 larger injection delays and smoother rising slopes of the injection rate than diesel fuel. They 38 also indicated that a reduced injection delay, along with a prolonged injection duration, was 39 seen at increased rail pressures. Salvador et al. [28] experimentally investigated the impact of 40 6 randomly chosen permutation of the n levels. For a row of the design matrix, n k combinations 88 are possible and have an equal chance of occurring. As the matrix is generated randomly, a 89 correlation between the columns may exist [40] . 90
The RSM is frequently used as a tool for building an approximation model based on the data 91 generated through DOE [41] . Several methods can be adopted to build this model, such as 92 polynomials, SS-ANOVA, NN, k-nearest, etc. SS-ANOVA is a statistical modelling algorithm 93 based on a function decomposition similar to the classical analysis of variance (ANOVA) 94 decomposition and the associated notions of main e ect and interaction. It belongs to the 95 family of nonparametric or semi-parametric models and shows some peculiarities such as the 96 interpretability of the results, which distinguishes from the classical set of standard parametric 97 models (polynomial models, etc.). It is suitable for both univariate and multivariate 98 modelling/regression problems [42] . The SS-ANOVA [43] was adopted here for data analysis. 99
The injector model and its validation
100
The injector model can be built either by a set of ordinary differential equations or some 101 advanced tools, i.e., Hydsim and AMESim software. Here, the fuel injector model was built in 102
AMEsim software, as shown in Fig. 1 . The model consisted of three different parts: the injector 103 holder, the electro-valve and the nozzle. Each of its internal elements were geometrically 104 characterised by using a silicone moulding technique [44] together with Scanning Electron 105 Microscopy (SEM) images. The silicone moulding technique has been proven to be an accurate 106 and useful tool for obtaining the geometry of different components. In addition, the hydraulic 107 characteristic of some most important orifices, i.e. the control oil inlet/outlet orifices, and the 108 nozzle orifices, were tested in purpose-made test rigs [37, 38] . In this model, some assumptions 109 were made: (1) all the variations are isothermal; and so, the fuel temperature and the fuel7 properties were assumed to be constant along the injector and equal to those at the injector inlet 111 [32] ; (2) ms, were applied. The comparisons of the injection rate and the injection quantity are shown 118 in Fig. 2 and Fig. 3 respectively. Detailed values of the injection quantity are shown in Table  119 1. From Fig. 2 , the simulation injection rates show an identical tendency at the end of needle 120 valve closing are much lower than the experimental results. This can be attributed to the elastic 121 differences in the material between an injector model and an authentic fuel injector. The 122 authentic fuel injector has an elastic body. Thus, when the injector is deactivated, the needle 123 valve moves back to its original place and hits on the seat. The needle valve bounces back 124 several times before it closes completely, which results in a small fuel injection rate in the 125 experimental results. In Fig. 3 it can be seen that there is a small difference between the 126 simulation results and experimental results, which becomes larger with an increase in the rail 127 pressure. This is because a high rail pressure leads to a larger flow speed. When the cross-128 section area of the nozzle orifice is the same, a larger flow speed results in a larger injection 129 quantity. However, these tiny differences in the injection rate and injection quantity can hardly 130 have an impact on the injector dynamic response (opening/closing delay and opening/closing 131 time), which are mainly decided by the injection rate slopes. Fig. 2 indicates that the injection 132 rate slopes in all the sub-figures present a highly accurate reproduction of the experimental 133 injection rate. Therefore, the injector model is precise enough and can be used for further study. 134
For the detailed parameters of the injector model and the experimental data, refer to Payri et al. 135 [37] . 
Preparation 142
Definition of the injector dynamic response 143
The injector dynamic response refers to the needle valve opening/closing delay and needle 144 valve opening/closing time, as shown in Fig. 4 . The valve opening delay is defined asΔT1, 145 which is from the moment of t1 to the moment of T1; the valve opening time is defined as Δ 146 T2, which is from the moment of T1 to the moment of T2; the valve closing delay is defined 147 asΔT3, which is from the moment of t3 to the moment of T3; and the valve closing time is 148 defined asΔT4, which is from the moment of T3 to the moment of T4. 149 The injector dynamic response will simply be represented by a limited delay integrator transfer 155 function:
(1) 157
Where: T is the time constant; s is the field; is the delay. 158
DOE model 159
A DOE model was built within the modeFRONTIER software for investigating the effects of 160 fuel properties on the dynamic response, as shown in Fig. 5 . Firstly, a uniform Latin hypercube 161 method was adopted in the DOE type for generating DOE designs, totally 1000 designs were 162 generated. Then, the fuel injector model was included in the AMESim node. The control signal 163 and the needle valve displacements generated by the fuel injector model were firstly written 164 into a text file, and to do this, appropriate writing and reading rules needed to be specified. The 165 text file is read by the MATLAB code, where the control signal opening/closing moments (t1, 166 t2, t3 and t4) and the needle valve opening/closing moments (T1, T2, T3 and T4) are calculated 167 [45] . Therefore, the valve opening/closing delay and the valve opening/closing time can be 168 
Boundaries and resolutions 177
The boundaries of the three fuel properties derive from the Figure 2 of the reference [24] . In 178 that figure, the fuel properties of a stand winter diesel fuel are shown for a range of 0.1-300 179
MPa in pressure and 300-400 K in temperature. In the paper, the boundaries of a specific 180 pressure are set according to the minimum and the maximum values when the temperature 181 changes. Totally two pressures, including a low rail pressure (40 MPa) and a high rail pressure 182 (200 MPa) were applied. The details of the boundaries are shown in Table 2 . 183 
Sensitivity analysis 186
The sensitivity of the three fuel properties on the dynamic response were compared at both the 187 low rail pressure and at high rail pressure, as shown in the left part and right part of Fig. 6 , 188 respectively. They were examined and obtained by using a first order SS-ANOVA algorithm. 189 Where,  is the absolute viscosity, Pa·s; e R is the Reynolds number [46, 30] . 218 From (4), it can be seen that the friction coefficient is proportional to the absolute viscosity. 219 Therefore, the absolute viscosity is also an influential factor and is significant to the injector 220 dynamic response. 
226
The effects of the bulk modulus, density and absolute viscosity on the dynamic response are 227 shown in Fig. 8, Fig. 14 and Fig. 19 respectively. They were generated by the RSM function, 228 with only one factor changing at a time. 229
Effects of the bulk modulus 230
The trends of the effects of the bulk modulus are identical at both the low and the high rail 231 pressures, as are the effects of the fuel density. Since the bulk modulus and the density were 232 influential at the low pressure, only those effects are presented, as shown in Fig. 8, in which  233 the effects are shown as red lines. 234
It is well known that the valve opening time and the valve closing time depend on the pressure 235 difference between the control chamber and the accumulation chamber. Therefore, the 236 pressures in the control chamber and the accumulation chamber are shown in Fig. 9 , and the 237 details of Section A and Section B are reported in Fig. 10 and Fig. 11 , respectively. In these 238 figures, only three different values of the bulk modulus were reported in order to get a clear 239 view of the differences in the pressures. The pressures in the control chamber and the 240 accumulation chamber were drawn in thick lines and in thin lines respectively. The same colour 241 in a figure indicates the same value of factors. The above rules also apply to Fig. 14, Fig. 15 , 242 Fig. 16, Fig. 19, Fig. 20 and Fig. 21 . is activated than in a fluid with a small bulk modulus, as shown in Fig. 10 ; the fast pressure 264 wave propagation also results in a faster pressure rise when the solenoid is deactivated, as 265 shown in Fig. 11 . In these conditions, a small valve opening delay and valve closing delay were 266 seen in the large bulk modulus case. In addition, Fig. 10 also indicates that the advanced 267 pressure fluctuation leads to a lower critical opening pressure pco, which would result in a larger 268 pressure difference at the early stage of the needle valve opening. As is stated above, a large 269 pressure difference is beneficial for a small valve opening delay; however, the large pressure 270 difference changed to a small one at the later stage of the needle valve opening, as shown in 271 the middle part of Fig. 9 . A small pressure difference indicates a small force difference, which 272 provides a small net force to push the needle valve upwards when the solenoid is activated; this 273 leads to a slow needle movement, and thus a large valve opening time. In general, a large valve 274 opening time is due to a large bulk modulus, as shown in Fig. 8 (c) . However, the small pressure 275 difference provides less resistance to the needle valve movements when the solenoid is 276 deactivated. Thus, a small valve closing time is seen, as shown in Fig. 8 (d 
Effects of the fuel density 292
A high fuel density contributes to increasing the valve opening/closing delay and the valve 293 opening/closing time, as shown in Fig. 13 . A high density indicates a large inertia; therefore, it 294 retards the pressure wave propagation (as shown in Fig. 15 and Fig. 16 ) and results in a large 295 resistance to the movements of the needle valve at both the valve opening and valve closing 296 stages (as shown in Fig. 17 ). The retarded pressure wave propagation leads to large hydraulic 297 delays (valve opening/closing delay), and the large inertia resistance is the main reason for the 298 increased valve opening/closing time in high-density conditions. 299 300 
Effects of the viscosity 310
At the high rail pressure, the viscosity varies over a much bigger range with a change in 311 temperature, than at the low rail pressure. A high viscosity suppresses the amplitude of the 312 pressure wave and leads to a quick dampening rate [30] . In addition, from equations (3) and 313 (4), it can be inferred that a high viscosity results in a large pressure loss in the control chamber. 314
A quicker pressure wave dampening rate means the pressure in the control chamber reaches 315 the critical valve opening pressure in a shorter time when the solenoid is activated, as shown 316
in Fig. 20 . Therefore, a high fuel viscosity results in a small valve opening delay, as shown in 317 Fig. 18 (a) . A large pressure loss in the control chamber leads to a slightly lower steady pressure 318 when the needle valve is fully opened, as shown in Fig. 19 . This lower steady pressure also 319 means that a larger pressure difference exists between the control chamber and the 320 accumulation chamber. As stated previously, the pressure difference plays a dominant role in 321 the valve opening and valve closing times. Although the friction force increases with the 322 increase in viscosity, the friction force is still not comparable to the force generated by the 323 pressure difference, as shown in Fig. 22 . Therefore, a high viscosity generates a large pressure 324 difference, which accelerates the needle movement to achieve a short valve opening time at the 325 needle valve opening stage, and slows down the needle action when it is returning to its seat, 326 which results in a large valve closing time, as shown in Fig. 18 (c) and (d) . Additionally, the 327 slightly lower steady pressure indicates that it takes a longer time to restore the critical valve 328 closing pressure. Therefore, a larger valve closing delay is seen, as shown in Fig. 18 (b) . 329
Detailed needle movements are shown in Fig. 23 . 
Conclusions
343
The effects of fuel properties (bulk modulus, density and absolute viscosity) on the injector 344 valve opening/closing delay and valve opening/closing time were investigated individually. A 345 fuel injector model was built and validated by injection rate and injection mass at three different 346 rail pressures. Then, a DOE model was built in modeFRONTIER software to study the effects 347 of the fuel properties on the injector dynamic response from a statistical point of view. The 348 effects of these properties were compared using an SS-ANOVA at both the low and high rail 349 pressures. And then reported by RSM function charts based on the DOE data. In addition, the 350 details of the pressure differences and needle valve movements were also presented. In addition, it generates a large pressure difference, which accelerates the needle movement to 363 achieve a short valve opening time, and slows down the needle valve movement when it is 364 returning to its seat, to get a large valve closing time. 365
